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doi:10.3906/muh-1402-3

Turkish Journal of Engineering & Environmental Sciences

http :// journa l s . tub i tak .gov . t r/eng ineer ing/

Research Article

Kinetics and equilibrium modeling of lead(II) and chromium(III) ions’ adsorption

onto clay from Kono-bowe, Nigeria

Regina Obiageli AJEMBA∗

Department of Chemical Engineering, Nnamdi Azikiwe University, Awka, Nigeria

Received: 08.02.2014 • Accepted/Published Online: 30.01.2016 • Printed: 04.03.2016

Abstract: Clay from Kono-bowe, Nigeria, was activated thermally and chemically and used to remove lead(II) and

chromium(III) ions from aqueous solution. The effects of adsorption process variables were studied as well as the kinetics

and equilibrium of the process. Analysis of the activated samples showed that the surface area, cation exchange capacity,

and adsorption performance were positively favored by both activation processes. It was observed that the adsorption

rate increased with an increase in temperature, contact time, adsorbent dosage, initial ion concentration, and solution pH

values. The pHPZC of the adsorbents was determined to be 6.5, 7.4, and 7.2, for KBR, KBTA, and KBAA, respectively.

It was observed that sample KBAA yielded maximum adsorption efficiency of 99.9% for the removal of chromium(III),

and gave maximum adsorption efficiency of 98.7% for lead(II) removal. The results of the kinetics analysis of the

adsorption data revealed that adsorption follows pseudo-second-order kinetics. Analysis of the equilibrium data showed

that the Langmuir isotherm provided a better fit to the experimental data for KBR, while the Freundlich isotherm fitted

the experimental data of KBTA and KBAA. Evaluation of the thermodynamic parameters revealed that the adsorption

process is spontaneous and endothermic.

Key words: Adsorption, clay activation, modeling, kinetics, equilibrium, isotherm

1. Introduction

The presence of heavy metals in drinking water sources and in edible agricultural crops can be harmful to human

beings. It is well known that heavy metals can be toxic, e.g. they damage the nerves, liver, and bones and they

block functional groups of vital enzymes [1]. Heavy metals are found in water, air, and soil. The major sources

of heavy metals in water and soil are wastewater streams from many industrial processes [2]. Heavy metals like

chromium, copper, lead, zinc, mercury, and cadmium are present in wastewater from several industries such

as metal cleaning and plating baths, refineries, paper and pulp, tanning, dyes and pigments, wood preserving,

glass, ceramic paints, and chemical manufacturing.

There are many conventional processes for the removal of toxic ions from water, which include chemical

precipitation, coagulation, reverse osmosis, ion-flotation, evaporation, ion-exchange, and adsorption [3,4]. Most

of these methods suffer from drawbacks such as incomplete metal removal, high capital and operational costs,

requirements of expensive equipment and monitoring system, high reagent and energy requirements, generation

of toxic sludge, other waste products that require disposal, membrane scaling, fouling, and blocking [5,6].

Adsorption methods were found to be more effective and attractive due to their lower costs and high efficiency

of heavy metal ion removal. Activated carbon is a potential adsorbent for the removal of several organic and
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inorganic pollutants. The adsorption process has been widely used all over the world and various adsorbents

have been used for removal of heavy metal ions like silica gel, polymer, carbon nanotubes, fly ash, clays, zeolites,

chitosan, peat moss, biosorbent, and food waste. In recent years, researchers have developed many adsorbents;

sometimes the adsorbent is used as it is or impregnated or modified to improve the capacity of the adsorption.

Several types of adsorbents are developed to get enhanced adsorption capacity in an inexpensive way. In this

invention many researchers have contributed to the development of adsorbents from natural sources, industrial

wastes, agricultural wastes, food waste, etc. Amongst the various adsorbents, the application of different types

of local clays is the oldest.

Clays are well-known adsorbents used for heavy metal removal. Acid and other reagents are used for

activation of clays. The clays are extremely fine particles exhibiting chemical properties of colloids. Kaolinite and

its modified forms, acid-activated kaolinite, poly (oxo-zirconium) kaolinite, and tetra-butyl-ammonium kaolinite,

were investigated by Bhattacharyya and Sharma [7] for adsorption of Cr(VI). The Langmuir monolayer capacity

of the clay adsorbents is from 10.6 to 13.9 mg/g [8]. Acid activation of Resadiye clays and Hancili clays was

done with H2SO4 and HCl; adsorption capacity was found to be 1.40, 0.75, and 0.884 mg/g for H, H-HCl,

and H-H2SO4 and 1.85, 1.44, and 2.20 mg/g for R, R-HCl, and R-H2SO4 , respectively [9]. Bentonite clay

has been modified by several treatments such as aluminum pillaring, acid activation, and pillaring followed by

acid activation, which shows 50 to 113 mg/g adsorption capacity [10]. Sharma and Wang [11] used indigenous

clay, i.e. china clay, as adsorbent and 80.3% removal at low concentration of metal ion was reported at pH 6.5

[12,13]. Local illitic clay, from Jebel Tejra located in southwest Tunisia in North Africa was studied for removal

of Cr(III) and Cd(II) and found to show 35.70 mg/g and 52.5 mg/g adsorption capacity, respectively. In that

study 20 h was required for maximum adsorption [14]. Brazilian vermiculite was used for the removal of specific

toxic metals as zinc, cadmium, chromium, and manganese from aqueous solution. Amongst all, Cd(II) was

maximally adsorbed to 63.281 mg/g, while Cr(III), Zn(II), and Mn(II) were reported as 39.05, 41.77, and 31.53

mg/g [15]. All over the world many studies have been conducted on heavy metal sorption using clay mineral

[16–22]. The most important parameters controlling heavy metal adsorption and their distribution between clay

and water are clay type, metal speciation, metal concentration, pH, solid/liquid ratio, and contact time [23–26].

Of all these factors, pH is considered the master variable controlling ion exchange, dissolution/precipitation,

reduction/oxidation, adsorption, and complex formation reactions.

In the present study, clay from Kono-bowe, Nigeria, was activated thermally and chemically with sulfuric

acid and used to remove lead(II) and chromium(III) ions from aqueous solution. Physicochemical properties

of the raw and activated clay sorbents were analyzed. The adsorption isotherm, kinetics, and thermodynamic

models were discussed successively. The sorbent produced from the chemically activated sample was found to

be economical and of good quality for the removal of heavy metal ions from contaminated water.

2. Experimental procedures

2.1. Preparation of the sorbent

The clay used in this study was mined from Kono-Bowe (N: 8◦ 32’05”; E: 8◦ 55’05”; A: 126 m) in River State,

Nigeria. The mined clay was sun-dried for 48 h and ground to smaller particles using a mortar and pestle. The

raw ground clay was then subjected to different modification processes, while some part was reserved for the

analysis and labeled as KBR.
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2.2. Modification methods

2.2.1. Thermal activation

The physical modification of the raw clay was performed by thermal activation. The preparation of the raw

clay was done by calcination in a muffle furnace. The calcination was carried out at 400 ◦C. The process of

thermal activation was done by measuring out 10 g of raw bentonite in a crucible and heating in the muffle

furnace. The temperature of the muffle furnace was allowed to rise steadily to the desired value and the heating

was done for 2 h. At the completion of the time, the samples were withdrawn from the furnace and cooled in a

desiccator for 2 h 30 min. The thermal activated sample was labeled KBTA.

2.2.2. Acid activation

The raw clay was treated with 0.75 mol/L sulfuric acid solution at 60 ◦C. Then 10 g of the raw clay was

reacted with 100 mL of known concentration of sulfuric acid solution in a rotary shaker with temperature and

agitation control for 3 h. At the completion of the reaction period, the reaction was terminated and the slurry

was filtered. The acidified product was then washed several times with distilled water until the filtrate was free

of sulfate ions. The residue was then dried in an oven at 80 ◦C for 24 h. The acid activated sample was labeled

KBAA.

2.3. Preparation of aqueous solutions

Aqueous solutions of lead(II) and chromium(III) were prepared from their nitrate salts of analytical grade

reagent, Pb (NO3)2 and Cr (NO3)3 .9H2O (all with declared impurity of less than 0.5%).

2.4. Batch adsorption studies

The adsorption of lead(II) and chromium(III) onto raw and activated Kono-bowe (KBR, KBAA, and KBTA)

clay was studied in the following manner. Batch adsorption isotherm experiments were conducted by varying

concentrations of Pb(II) and Cr(III) from 100 mg/L to 500 mg/L, at constant adsorbent dose of 5 g and

agitation speed of 320 rpm. Adsorbent dosage was varied from 0.5 g to 5 g at constant concentration of Pb(II)

and Cr(III) of 100 mg/L. The effects of contact time and pH were studied with Pb(II) and Cr(III) concentration

of 100 mg/L and adsorbent dosage of 5 g. Contact time was varied from 15 min to 270 min, while pH value

was varied from 2 to 10, respectively. A measured quantity of the adsorbent was added to 50 mL of solution

of the prepared metal solution in 250-mL Erlenmeyer flasks. The mixture was agitated in an incubated shaker

at a predetermined temperature and speed for the desired time. At the completion of the reaction period,

the supernatant was separated by centrifugation at 3000 rpm for 15 min and the residual concentration in

the supernatant was determined. The metal concentration in the raw and treated samples was determined by

atomic absorption spectrophotometer (model WFJ 525). The response, removal efficiency of the metal ions by

the adsorbent, was calculated as

Y (%) = 100
c0 − ci

c0
, (1)

where c0 and ci are the initial and final concentration of the metal ion solution.

The amount of equilibrium adsorption, qe (mg/g), was calculated by

qe =
V (c0 − ce)

M
, (2)
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where c0 and ce (mg/L) are the liquid-phase concentrations of metal ions initiallly and at equilibrium, respec-

tively, V (L) is the volume of the solution, and M (g) is the mass of dry prepared sorbent used.

2.5. Determination of pH point of zero charge (pHPZC )

The pH point of zero surface charge characteristics of the adsorbents (KBR, KBAA, and KBTA) was determined

using the solid addition method [27,28]. First 40 mL of 0.1 M NaCl solution was transferred to a series of 250-mL

stoppered conical flasks. The pH i values of the solutions were then adjusted to between 2 and 10 by adding

NaOH and were measured using a Consort C931 pH meter (Belgium). The total volume of the solution in each

flask was adjusted to exactly 50 cm3 by adding NaCl solution of the same strength. The pH i of the solution

was then accurately noted. Next 0.5 g of the adsorbents was added in turn to each flask, and the flask was

securely capped immediately. The suspensions were then kept shaking for 24 h and allowed to equilibrate for

0.5 h. The final pH values of the supernatant liquids were noted. The difference between the initial and final

pH (pHf ) values (∆pH) was plotted against the pH i . The point of intersection of the resulting curve with the

pH i axis, i.e. at ∆pH = 0, gave the pHPZC .

2.6. Isothermal and kinetic studies

The effect of contact time on the adsorption of lead(II) and chromium(III) ions was analyzed by evaluating the

kinetic data by pseudo-first-order, pseudo-second-order, Elovich, Bangham, and intraparticle kinetic models.

The adsorption isotherms were evaluated to analyze the equilibrium data. The adsorption isotherm is the

equilibrium relationship between the concentration in the liquid phase and the concentration in the solid phase

in the adsorbate particles at a given temperature [29]. The experimental data obtained were analyzed by

Langmuir, Freundlich, Dubinin–Radushkevich, Harkin–Jura, and Temkin adsorption isotherm models.

3. Results and discussion

3.1. Characterization of the clay adsorbents (KBR, KBTA, and KBAA)

3.1.1. XRF analysis

An X-ray fluorescence spectrometer was used to determine the changes in the chemical composition of the

clay before and after activation (Table 1). As can be observed from the table, the octahedral cations such

as Al3+ , Fe3+ , and Mg2+ were reduced appreciably after the acid treatment, while the tetrahedral cation,

like Si4+ , increased with acid treatment. The behavior shown by the Al2O3 , Fe2O3 , and MgO content with

acid treatment is related to the progressive dissolution of the clay minerals. The octahedral sheet destruction

passes the cations into the solution, while the silica generated by the tetrahedral sheet remains in the solids,

due to its insolubility. Pesquera et al. [30] suggest that this free silica generated by the initial destruction

of the tetrahedral sheet is polymerized by the effect of such high acid concentrations and is deposited on the

undestroyed silicate fractions, protecting them from further attack. Apart from leaching out of the octahedral

and tetrahedral cations, the acid activated samples showed a decrease in cation exchange capacity and an

increase in surface area. The increase in surface area from the natural to thermal and acid activated samples

could be related to the elimination of the exchangeable cations, delamination of the clay and the generation of

microporosity during the process.
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Table 1. X-ray fluorescence analysis of the clay samples.

Chemical Clay samples
constituents KBR KBTA KBAA
Al2O3 25.78 25.82 2.63
SiO2 52.65 55.66 89.59
Fe2O3 10.94 10.98 1.71
MgO 1.73 1.75 0.92
Na2O 0.96 0.97 0.05
K2O 0.61 0.62 0.01
CaO 1.13 1.14 0.05
TiO2 2.41 2.42 1.28
LOI 4.79 0.53 3.34
Total 100 99.89 97.68
CEC (meq/100 g) 98 79 56
Surface area (m2/g) 29.65 43.82 77.91
Si/[Al + Fe + Mg] 1.37 1.44 17.03

3.1.2. Thermal analysis

Figure 1 shows the differential thermal analysis (DTA) profile of the Kono-Bowe clay. The DTA of the clay

was carried out to analyze the effect of heating on the surface and structural properties of the clay. The results

reveal that the dehydration stage corresponding to the removal of adsorbed and hydrated water can be seen at

106.8 ◦C. This is the first endothermic peak. It could be seen that the maxima of the DTA curve occurs at

442.4 ◦C. The removal of adsorbed and hydrated water provides additional adsorption sites and an increase in

surface area was observed. Further heating indicates the transition from dehydration stage to dehydroxylation

stage. The second endothermic peak appears at 528.3 ◦C, showing the maximum breaking point at about 800
◦C. Heating beyond these temperatures results in collapse of the interlayer spaces, and consequently rupture of

the clay structure, which causes morphological changes and decrease in surface area at high temperatures.

Figure 1. Differential thermal analysis profile of the raw Kono-Bowe clay.
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3.1.3. X-ray diffraction analysis of the samples

The XRD patterns of raw, thermally activated, and acid activated bentonite are shown in Figures 2a, 2b, and 2c,

respectively. Montmorillonite (M) was the main mineral; however, minor amounts of quartz (Q), chyrstoballitte

(C), and calcium carbonate are present and these results are in accordance with the literature [31–33]. The

strong diffraction peaks at 2θ = 26.7◦ and 31.06◦ can be ascribed to the characteristic diffraction of quartz

and chrystoballite impurities [34], respectively, which indicated the existence of quartz impurities. Moreover,

the diffraction peaks at 2θ = 21.6◦ and 36.4◦ reveal the presence of small amounts of calcites. After treatment

with H2SO4 solution, the characteristic peaks of montmorillonite, calcium carbonate, and chrystoballite almost

disappeared, indicating that these impurities were removed. The diffraction peaks at 2θ = 7.45◦ are assigned

to the (110) characteristic peaks of sepiolites [35,36].

Figure 2. XRD patterns for the sorbent; (a) raw sample, (b) thermally activated sample, (c) sulfuric acid activated

sample.
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3.2. pH point of zero charge of the adsorbent

The point of zero charge (pHPZC) is the pH at which the total number of positive and negative charges on its

surface becomes zero. The pH at the point of zero charge (pHPZC) of the adsorbents was measured by using

the pH drift method [27]. It can be observed from Figure 3 that the surface charges of the adsorbents KBR,

KBTA, and KBAA are 7.8, 7.2, and 6.8, respectively, where the ∆pH values are zero. It has been reported

previously [37] that the pHpzc of an adsorbent decreases with increase in acidic groups on the surface of the

adsorbents. From the results, it can be concluded that acid modification of the adsorbent gave a positive (acidic)

surface charge for the adsorbent since the pHpzc for the modified surface was found to be lower than that of

the unmodified surface. The relationship between pHpzc and adsorption capacity is that cations adsorption

on any adsorbent will be expected to increase at pH value higher than the pHpzc while anions adsorption will

be favorable at pH values lower than the pHpzc [38]. According to the literature, the adsorption of cations is

favored at pH > pHPZC , while the adsorption of anions is favored at pH < pHPZC . Thus, the determination

of this parameter is significant for the assessment of the sorption mechanism and the probable sorbate/sorbent

interactions.
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Figure 3. pH at the point of zero charge (pHPZC) .

3.3. Effect of process variables

3.3.1. Effect of pH on the sorption performance of the adsorbents

The effect of pH on the sorption performance of the adsorbents was studied in the range of 2 to 10 and the

results are shown in Figures 4a and 4b for Pb(II) and Cr(III) removal, respectively. The adsorption patterns

are similar, and the amount of metal uptake increases from almost zero to complete adsorption within a specific

and fairly narrow pH range. Estimating the optimum pH for metal removal is vital since the pH of a solution

affects the surface charge of the adsorbents, degree of ionization, and solution composition (metal speciation).

Moreover, the level of dissociation of functional groups on the adsorbent surface, solubility of metal ions, and

concentration of the counter ions in solution are affected by pH [38–40]. The decrease in uptake at higher and

lower pH may be attributed to the formation of precipitates of the metal hydroxides at higher pH and formation

of more H+ ions at lower pH, which might compete with the metal ions for active sites on the adsorbent surface.

According to Low et al. [41], at low pH values, the surface of the adsorbents would be closely associated with

hydroxonium ions (H3O
+), which might hinder the access of the metal ions, by repulsive forces, to the surface

functional groups and consequently decrease the percentage metal removal. Therefore, the effect of low pH on
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the sorption capacity may be interpreted to result from competition of the H3O
+ and metal ions for binding

sites. At low pH values, the ligands on the cell walls are closely associated with the hydroxonium ions, thereby

causing the surface of the adsorbents to be positively charged, but when the pH is increased the hydroxonium

ions are gradually dissociated and the positively charged metal ions are associated with the free binding sites

on the adsorbent. This result also suggests that H+ ion concentration on these adsorbents affects the amount

of metal ions adsorbed [42].
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Figure 4. Effect of pH on the sorption performance of the clay sorbents, KBR, KBTA, and KBAA, for (a) Pb(II) and

(b) Cr(III) removal from aqueous solutions.

3.3.2. Effect of contact time

The effect of contact time on the removal of Cr(III) and Pb(II) by raw and modified clay at initial metal ion

concentrations of 100 mg/L is shown in Figures 5a and 5b, respectively. The contact time was varied from 15

to 270 min at constant temperature of 333 K. The time plot shows that the removal of adsorbate is rapid in

early stages for the raw and modified clay, but it gradually slows down until it reaches the equilibrium. This is

due to the fact that a large number of vacant surface sites are available for adsorption during the initial stage,

and after a lapse of time the remaining vacant surface sites are difficult to be occupied due to repulsive forces

between the solute molecules on the solid surface and in bulk phase [43]. From Figure 5b, which shows the

adsorption of Cr(III), the equilibrium was attained after shaking for 120 min for KBAA, 180 min for KBTA,

and 210 min for KBR, while in Figure 5a equilibrium was attained for Pb(II) removal after shaking for 180 min

for KBAA, 210 min for KBTA, and 240 for KBR. Once equilibrium was attained, the percentage sorption of

the metal ions did not change with further increases in time.

3.3.3. Effect of initial metal ion concentration

The effect of initial metal ion concentration on the adsorption performance of raw clay and clay modified by

acid and thermal activation was investigated over a concentration range of 100 mg L−1 to 500 mg L−1 . The

results of the experimental data are given in Figure 6 (a and b) for Cr(III) and Pb(II) removal, respectively. The

adsorption capacity of the clay samples (KBR, KBTA, and KBAA) was found to increase with increase in initial
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chromium and lead ions. The results show that sample KBAA gave the maximum adsorption of 40.72 mg g−1

and 34.66 mg g−1 at 500 mg L−1 of initial metal ion concentration for Cr(III) and Pb(II) removal, respectively.

The adsorption capacity by the raw and modified clay follows the order KBAA > KBTA > KBR; and this

indicates that there are more adsorption sites on KBAA than KBTA and KBR available for the adsorption of

chromium and lead ions. The increase in adsorption with the increase in metal ion concentration is due to the

driving force that initial concentration provides to overcome the mass transfer resistance between the aqueous

and solid phases. The adsorption rate was high during the early adsorption period due to the availability of a

large number of vacant sites, which increased the concentration gradient between the adsorbate in the solution

and adsorbate on the adsorbent surface [44]. The steady increase in the adsorption with the increase in initial

metal ion concentration indicates that the adsorbents have very high potential for the removal of lead(II) and

chromium(III) ions.
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3.3.4. Effect of adsorbent dosage

The results of the effect of adsorbent dosage on the adsorption efficiency of the raw, thermal, and acid modified

clay are shown in Figure 7 for Pb(II) and Cr(III) removal, respectively. It was observed from Figure 7 that

the lead ion removal by the adsorbents increased as the adsorbent dosage increased gradually up to 3.5 g L−1

clay dosage. A further increase in dosage above 3.5 g L−1 gave no significant improvement in lead ion removal

due to attainment of equilibrium between the adsorbent and adsorbate [45]. For chromium removal (Figure 8),

equilibrium was achieved using the modified clay KBAA and KBTA at clay dosage of 3.0 g L−1 , while the KBR

attained equilibrium at a dosage of 4.0 g L−1 . The increase in adsorption capacity of the raw and modified clay

with increase in adsorbent dosage is attributed to the increase in surface area of micropores and the increase in

availability of vacant adsorption sites [46].
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3.4. Adsorption kinetics

The effect of contact time on the adsorption of Pb(II) and Cr(III) on raw and modified Kono-bowe clay was

studied and the results show that adsorption increased with increase in contact time. The experimental data

were examined by pseudo-first-order, pseudo-second-order, Elovich, Bangham, and intraparticle diffusion kinetic

equations to understand the dynamics and mechanism of the adsorption process.

3.4.1. Pseudo-first-order kinetic model

A simple pseudo-first-order equation was used and it is given by

dqt
dt

= k1 (qe − qt), (3)

where qe and qt are the amount of metal ion adsorbed at equilibrium and at time t (min), respectively, and

k1 is the rate constant of the pseudo-first-order adsorption process [47,48]. The linear form of the equation is

given as

log (qe − qt) = log qe −
k1

2.303
t (4)

The values of k1 and qe were calculated from the slope and intercept of the linear plot of log (q e − qt) versus

t and are given in Table 2.

3.4.2. Pseudo-second-order kinetic model

The corresponding pseudo-second-order rate equation [49] is given as

t

qt
=

1

k2q2e
+

t

qe
, (5)

where k2 is the rate constant for the pseudo-second order adsorption process (g mg−1 min−1). The slope

and intercept of the plot of t/qt versus t for Pb(II) and Cr(III) removal (Figure 8) were used to calculate the

values of qe and k2 as presented in Table 2. The value of the regression coefficient calculated from the plot of

the second-order kinetic plot shows that it best fitted the experimental data and can be used to describe the

adsorption of Pb(II) and Cr(III) onto raw and modified Kono-bowe clay.

3.4.3. Elovich kinetic model

The Elovich model is presented by the following equation:

qt =
1

β
lnαβ +

1

β
ln t, (6)

where α is the initial adsorption rate (mg/g/min) and β is the desorption constant (g/mg). The slope and

intercept of the plot of qt versus ln t were used to calculate the values of the constants α and β as shown in

Table 2. The values of the determination coefficient obtained from the linear plot of Elovich models are not

high (R2 < 0.979), suggesting that the applicability of this model to describe the adsorption process of Pb(II)

and Cr(III) onto raw and modified Kono-bowe clay is not feasible.
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3.4.4. Bangham’s equation

Bangham’s model [50] tests if pore diffusion is the only rate controlling step of an adsorption process. The

model can be represented by the following equation:

log

[
log

(
c0

c0 − qtm

)]
= log

(
k0m

2.303V

)
+ σ log t, (7)

where co , mg/L, is the initial sorbate concentration in the liquid phase; qt , mg/g – sorbate concentration in

the solid phase at time t , min; m , g/L – adsorbent concentration; V , L – solution volume; ko , L/g, and σ(σ <

1) – Bangham’s equation parameters. The values of the constants were calculated from the slope and intercept

of the plot of log[log(co/(co − qtm))] versus log tand are shown in Table 2.

3.4.5. Intraparticle diffusion study

The adsorption mechanism of adsorbate onto adsorbent follows three steps: (1) transport of adsorbate from the

boundary film to the external surface of the adsorbate; (2) adsorption at a site on the surface; (3) intraparticle

diffusion of the adsorbate molecules to an adsorption site by a pore diffusion process. The slowest of the three

steps controls the overall rate of the process. The possibility of intraparticle diffusion was explored by using an

intraparticle diffusion model. The intraparticle diffusion varies with the square root of time and is given [49,51]
as

qt = kidt
1/2 + Ci, (8)

where qt is the amount adsorbed at time t , t1/2 is the square root of the time, kid is the intraparticle diffusion

rate constant (mg/g min1/2), and Ci is the intercept at stage i and is related to the thickness of the boundary

layer. Large Ci represents the greater effect of the boundary layer on molecule diffusion. The intraparticle

diffusion rate constant was determined from the slope of the linear gradients of the plot of qt versus t1/2 for

Pb(II) and Cr(III) removal as shown in Figure 9; their values are presented in Table 2. The intraparticle

diffusion process is controlled by the diffusion of ions within the adsorbent.
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Figure 9. Plot of the intraparticle kinetic model for (a) Pb(II) and (b) Cr(III) adsorption onto clay adsorbents.
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The plots of qt against t1/2 for the intraparticle diffusion model gave straight lines that do not pass

through the origin (i.e. the intercepts > 0) (Figure 9). The deviation of these lines from the origin indicates

that intraparticle diffusion may be a factor in the sorption process, but it is not the only controlling step [52].

The rate constants, ki, and boundary layer thickness, Xi, obtained from the model for the various adsorption

systems studied are given in Table 2. The intercepts of the plots are an indication of the level of contribution

of boundary layer resistance as it affects the rate limiting step of the sorption process. The larger the intercept,

the greater is the contribution of the surface sorption (boundary layer resistance) in the rate-limiting step [53].

The commensurable and relatively high values of R2
B and R2

i for both studied systems, calculated by the

Bangham’s and the intraparticle diffusion models, proved the significant role of intraparticle diffusion as one of

the probable rate controlling mechanisms during Pb(II) and Cr(III) adsorption on raw and modified Kono-bowe

clay.

3.5. Adsorption isotherm

Equilibrium study on adsorption provides information on the capacity of the adsorbent. An adsorption isotherm

is characterized by certain constant values, which express the surface properties and affinity of the adsorbent,

and could also be used to compare the adsorptive capacities of the adsorbent for different pollutants. The

adsorption isotherms of Pb(II) and Cr(III) onto KBR, KBTA, and KBAA were studied and the equilibrium

data analyzed using Langmuir, Freundlich, Temkin, Dubinin–Radushkevich, and Harkin–Jura models.

3.6. Langmuir isotherm

The Langmuir isotherm model is based on the fact that uptake of metal ions occurs on a homogeneous surface

by monolayer adsorption with no interaction between adsorbed molecules, with homogeneous binding sites,

equivalent sorption energies, and no interaction between adsorbed species. The model is given by the following

linear equation:

Ce

qe
=

1

qmKL
+

Ce

qm
, (9)

where Ce is the equilibrium concentration (mg/L), qe is the amount of metal ion adsorbed (mg/g), qm is the

Langmuir constant for adsorption capacity (mg/g), and KL is sorption equilibrium constant (L/g).

The values of qm and KL were evaluated from the slope and intercept of the plot of Ce/qe versus Ce as

shown in Figure 10 [54,55] and are given in Table 3. From the values of the determination coefficient in Table

3, it can be seen that the Langmuir isotherm fitted the data for the sorption activities of the sorbent KBR for

both Pb(II) and Cr(III), while the other sorbents did not fit.

A further analysis of the Langmuir equation can be made on the basis of a dimensionless equilibrium

parameter, RL [56], also known as the separation factor, and has been suggested to express the essential

characteristics of the Langmuir isotherm [57–59]. It is a measure of the favorability of the adsorption process

[60]. RL is given by

RL =
1

(1 +KLC0)
(10)

The value of RL lies between 0 and 1 for favorable adsorption, while RL > 1 represents unfavorable adsorption

and RL = 1 represents linear adsorption while the adsorption process is irreversible if RL= 0. Results of RL
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calculated from this study (shown in Figure 11) lie between 0.019 and 0.436 and this is consistent with the

requirement for favorable adsorption of Pb(II) and Cr(III) onto KBR, KBTA, and KBAA.
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Figure 10. Langmuir isotherm plot for (a) Pb(II) and (b) Cr(III) adsorption onto clay sorbents.
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Figure 11. Plot of separation factor, RL , versus C0 , (a) Pb(II) (b) Cr(III).

3.6.1. Freundlich isotherm

The Freundlich isotherm assumes that the uptakes of metal ions occur on a heterogeneous surface by multilayer

adsorption and that the amount of adsorbate adsorbed increases infinitely with an increase in concentration. It

is a very popular model for a single solute system, based on the distribution of solute between the solid phase

and aqueous phase at equilibrium [61]. The Freundlich equation is expressed as

qe = KfC
1/n
e , (11)
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where Kf is the measure of adsorption capacity and n is the adsorption intensity. The linear form of the

Freundlich equation [62] is

log qe = logKf +
1

n
logCe, (12)

where qe is the amount adsorbed (mg/g), Ce is the equilibrium concentration of adsorbate (mg/L), and Kf

and n are the Freundlich constants related to the adsorption capacity and adsorption intensity, respectively. A

plot of log q evs. log C e (Figures 12a and 12b) gives a linear trace with a slope of 1/n and intercept of log K f

and the results are also given in Table 3. When 1/n >1.0, the change in adsorbed metal ion concentration is

greater than the change in the metal ion concentration in solution. While the Langmuir isotherm model gave

the best description of Pb(II) and Cr(III) adsorption in KBR, the Freundlich equation was the most suitable

model for describing the Pb(II) and Cr(III) adsorption in KBTA and KBAA. This is evident from the high

regression factor obtained for the sorption processes (Table 3). The Langmuir isotherm makes an assumption

that the adsorption occurs at specific homogeneous sites within the adsorbent [63,64]. From the Freundlich

isotherm, since the values of 1/n < 1 in all the sorption processes studied, then the adsorption was favorable

and the adsorption capacity increased with the occurrence of new adsorption sites [65]. These values also satisfy

the condition for heterogeneity, i.e. 1 < n < 10 [66].
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Figure 12. Freundlich isotherm plot for (a) Pb(II) and (b) Cr(III) adsorption onto clay sorbents.

3.6.2. Temkin isotherm model

The Temkin isotherm model [67] has been developed on the concept of chemisorptions and assumes that the

heat of adsorption of the sorbate molecules decreases linearly with adsorbent layer coverage due to adsorbate–

adsorbent interactions. The equation and its linearized form are represented as follows:

qe =
RT

bT
ln (KTCe) (13)

qe = B1 lnKT + B1 lnCe, (14)
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where B1 = RT/b T ; bT , mol kJ −1 , is the Temkin isotherm constant; KT , mol g−1 , is the equilibrium binding

constant; T , K , the temperature and R(8.314 × 10−3 kJ mol−1 K−1) the universal gas constant. The

isotherm parameters, B1 and KT , were calculated from the slope and intercept of the linear plot of qevs. ln Ce

and their values are listed in Table 3 . The correlation coefficients obtained from this plot were high (>0.913)

for Pb(II) and Cr(III) adsorption on KBTA and KBAA. This suggests that there was a sort of interaction

between the molecules of the metal and adsorbent as the isotherm takes into account the effects of indirect
adsorbate/adsorbent interactions on the adsorption process.

3.6.3. Dubinin–Radushkevich isotherm

The D-R equation has been widely used to explain energetic heterogeneity of solid at low coverage as monolayer

regions in micropores. The equation is given by

ln qe = lnXm − βε2, (15)

where β is the activity coefficient related to mean adsorption energy, Xm the maximum of adsorption capacity,

and ε the Polangi potential, which is equal to

ε = RT ln (
1

Ce
), (16)

where R and T are the gas constant (kJ/mol/K) and temperature (K), respectively.

The adsorption energy E expressed as

E = − 1

(−2β)
0.5 (17)

reveals the nature of adsorption. If the value of adsorption energy E ranged between –1 and –8 kJ/mol, the

adsorption process is physical, and if the value of E ranged between –9 and –16 kJ/mol, it is chemical adsorption.

The parameters of the D-R equation were calculated from the slope and intercept of the linear plot of ln qe

versus ε2 and are given in Table 3.

The adsorption energy E value obtained in the range of –9 kJ/mol to –10.00 kJ/mol for Pb(II) adsorption

on all the adsorbents showed that the adsorption is a chemical process, while the E value in the range of –7

kJ/mol to –8 kJ/mol for Cr(III) adsorption onto all the studied sorbents showed physical adsorption.

3.6.4. Harkin–Jura isotherm

The Harkin–Jura isotherm model takes into consideration the multilayer adsorption, which can be explained by

the existence of heterogeneous pore distribution. The equation is [68,69]

1

q2e
=

(
B

A

)
−

(
1

A

)
logce (18)

Comparing the values of the determination coefficient in Table 3, it can be seen that the adsorption of Pb(II)

and Cr(III) on raw and modified clay sorbents from Kono-bowe cannot be described by this isotherm model.

The good fit of the experimental data and the determination coefficient closer to unity indicated the

applicability of the Freundlich isotherm model to describe the adsorption of Pb(II) and Cr(III) onto KBTA and

KBAA.
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3.7. Adsorption thermodynamics

The thermodynamics of an adsorption process is obtained from a study of the influence of temperature on the

process. Temperature effect was studied for the adsorption of Pb(II) and Cr(III) ions by KBR, KBTA, and

KBAA. It was found that the adsorption capacity of KBR, KBTA, and KBAA for Pb(II) increased from 1.945

mg/g to 9.145 mg/g, 3.278 mg/g to 9.674 mg/g, and 4.976 mg/g to 9.972 mg/g, respectively, while for Cr(III)

the adsorption capacity increased from 2.009 mg/g to 9.023 mg/g, 3.741 mg/g to 9.715 mg/g, and 5.649 mg/g

to 9.999 mg/g, respectively (Figures 13a and 13b) as the temperature was increased from 303 K to 333 K at

initial ion concentration of 100 mg/L. This indicates that the adsorption reaction was endothermic in nature.

The enhancement in the adsorption capacity may be due to the chemical interaction between adsorbate and

adsorbent, creation of some new adsorption sites, or the increased rate of intraparticle diffusion of Pb(II) and

Cr(III) ions into the pores of the adsorbent at higher temperatures [51].
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Figure 13. Effect of temperature on the sorption performance of the clay adsorbents for (a) Pb(II) and (b) Cr(III) ions’

removal from aqueous solutions.

The standard Gibbs energy was

∆G◦ = −RT lnKc (19)

Kc represents the ability of the adsorbent to retain the adsorbate and the extent of movement of the adsorbate

within the solution [70]. The values of Kc can be deduced from the relationship

Kc =
qe
Ce

, (20)

where qe is the amount adsorbed on solid phase at equilibrium and Ce is the equilibrium concentration of

metal ion in the solution. Other thermodynamic parameters such as change in standard enthalpy (∆H◦) and

standard entropy (∆S◦) were determined using the Van’t Hoff equation [6]

lnKc =
∆S

R
− ∆H

RT
(21)
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The values of ∆H◦ and ∆S◦ were obtained from the slope and intercept of the Van’t Hoff plot of ln kc versus

1/T as shown in Figures 14a and 14b. A positive value of ∆H◦ indicates that the adsorption process is

endothermic and this suggests that the total energy absorbed in bond breaking is greater than the total energy

released in bond making between adsorbate and adsorbent, resulting in the absorption of extra energy in the

form of heat. The magnitude of ∆H also shows the type of sorption; for physical adsorption, the magnitude falls

into the range of 2.1–20.9 kJ/mol while that of chemisorptions generally falls into the range of 80–200 kJ/mol.

Considering the values of ∆H calculated in this work, it can be deduced that the sorption of Pb(II) and Cr(III)

onto raw and modified clay from Kono-bowe is a pure chemical adsorption process. The negative values of ∆G◦

reflect the feasibility of the process and the values become more negative with increase in temperature, which

implies that lower temperature makes the adsorption easier for all the adsorbents. Standard entropy determines

the disorderliness of the adsorption at the solid–liquid interface. Thermodynamic parameters are summarized

in Table 4. The positive value of ∆S◦ shows increasing randomness at the solid–liquid interface with some

structural changes in the adsorbate and adsorbent during the adsorption of both Pb(II) and Cr(III) ions on raw

and modified Kono-bowe clay. The adsorbed solvent molecules gain more translational entropy than is lost by

the adsorbate ions/molecules, thus allowing for the prevalence of randomness in the system.
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Figure 14. Plot of ln kc versus T−1 for (a) Pb(II) and (b) Cr(III) adsorption.

4. Conclusions

This study shows that clay from Kono-bowe has great potential as adsorbent usable for the sorption of Pb(II)

and Cr(III) ions from aqueous solutions. The amounts of Pb(II) and Cr(III) ions adsorbed are temperature,

initial ion concentration, pH, contact time, and adsorbent dosage dependent. Langmuir, Freundlich, Temkin,

Harkin–Jura, and DKR models describe the adsorption isotherm but the best fit (R2 = 0.99) of experimental

data is obtained with the Langmuir isotherm for KBR, while Freundlich gave best fit (R2 = 0.99) for KBTA

and KBAA sorbents. The adsorption process is spontaneous because of negative Gibbs free energy values given.

It is accompanied by an exothermic interaction and positive values of ∆S0 change. The adsorption obeys the

pseudo-second-order kinetic model and is controlled by a chemical mechanism.
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